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ABSTRACT 

The use  of prepaging i s  descr ibed f o r  the CDC STAR-100 system. 

A f e a t u r e  known as ADVISE i s  provided by t h e  system f o r  t h i s  pur- 

pose. A t iming anfi lysis  of a matr ix  m u l t i p l i c a t i o n  r o u t i n e  i s  

c a r r i e d  ou t  t o  eva lua te  t h e  e f f e c t  of prepaging. F i n a l l y ,  a sugges- 

t ion  f o r  a c o n t r o l l e d  prepaging a lgor i thm is  made. 

This r e p o r t  w a s  prepared as a r e s u l t  of work performed under NASA 
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1. In t roduc t ion  

The Control  Data Corporation (CDC) STAR (STring ARray) computer is  a h igh  

performance v e c t o r  machine capable of performing up t o  100 m i l l i o n  o p e r a t i o n s  

p e r  second. Although the  s i z e  of t h e  main memory i s  l i m i t e d  t o  e i t h e r  % m i l -  

l i o n  o r  l m i l l i o n  64-bit  words, the use of a v i r t u a l  memory c a p a b i l i t y  a l lows  

a v i r t u a l  addres s  space s i z e  of 4 t r i l l i o n  64-bi t  words. The v i r t u a l  memory 

is implemented by means of a paging mechanism. The system provides  two page 

s i z e s ,  512 (small)  and 65,536 ( large)  words, r e s p e c t i v e l y .  

Because of a very high speed cpu, t h e  system i s  h igh ly  I/O-bound f o r  

many problems (Knight, Poole, and Voigt C751; Lynch C741). 

device is a d i sk ,  t he  use of the l a r g e  page s i z e  can reduce t h e  I / O  t i m e  

considerably.  Since t h e  t o t a l  number of l a r g e  page frames is  e i t h e r  8 o r  16, 

t he  use of a l a r g e  page d i c t a t e s  a very small degree of multiprogramming. 

The second technique t o  improve the performance is  t o  i n c r e a s e  t h e  s i z e  of 

t h e  main memory (Denning [68al,[701). This a l lows a l a r g e r  page a l l o t m e n t  

p e r  program thus reducing the  paging I/O. 

t h e  main memory a v a i l a b l e  on the  STAR, t h r a s h i n g  can occur even wi th  a ve ry  

small degree of multiprogramming (Brandwajn C741, Denning [68al ,  T r i v e d i  

[76bl , [76cl) .  

low degrees of multiprogramming. Cur ren t ly ,  many jobs are cons t r a ined  t o  

run i n  a monoprogramming mode. 

imp l i e s  no cpu-1/0 ove r l ap  whatsoever. 

Since t h e  paging 

However, due t o  t h e  small s i z e  of 

Such an 1/0 l imited and memory l i m i t e d  s i t u a t i o n  f o r c e s  ve ry  

This coupled wi th  a demand paging environment 

I n  such an environment, one p o s s i b l e  



way t o  introduce t h e  cpu-1/0 ove r l ap  (and hence improve t h e  throughput) is  

t o  use prepaging. 

I/O of the same job.  Therefore ,  w e  expect  it t o  improve t h e  throughput ,  

p a r t i c u l a r l y  for low degrees  of multiprogramming. For f u r t h e r  d i scuss ion  

on t h e  usefulness  of prepaging see Joseph E701 and T r i v e d i  C741,C76al,E76bl, 

[76d]. Note that  t he  b e s t  t h a t  we can hope t o  do wi th  prepaging i s  e i t h e r  

completely mask t h e  I / O - t i m e  o r  completely mask t h e  cpu-time, whichever i s  

less. 

Prepaging al lows the  over lap  between t h e  execut ion  and 

The STAR s y s t e m  provides  a f e a t u r e  known as ADVISE which al lows prepag- 

ing.  In Sect ion 2, we d e s c r i b e  our e f f o r t s  t o  e x p l o i t  t h i s  f e a t u r e .  We 

have developed a subrout ine  FPRQST which can be c a l l e d  by a FORTRAN pro- 

grammer t o  request  t h e  ope ra t ing  system e i t h e r  t o  prepage o r  f r e e  a page. 

We a l s o  i l l u s t r a t e  t he  use of t h i s  subrout ine  i n  a program ca r ry ing  ou t  a 

mat r ix-mul t ip l ica t ion .  When we a t tempted t o  t es t  our programs on the  system, 

we found t h a t  the ADVISE f e a t u r e  does no t  work i n  t h e  c u r r e n t  ve r s ion  of t h e  

ope ra t ing  system. Hopefully,  i n  a f u t u r e  ve r s ion  o f  t h e  ope ra t ing  system, 

t h i s  f e a t u r e  w i l l  be debugged and t h e  experiments of Sec t ion  2 may be 

c a r r i e d  ou t .  

In  Sec t ion  3 ,  we do a t iming a n a l y s i s  of t h e  mat r ix  m u l t i p l i c a t i o n  r o u t i n e  

wi th  and without prepaging and us ing  both the  s m a l l  and t h e  l a r g e  pages. We 

expec t  t h a t  t h e  I / O - t i m e  can be reduced by an o r d e r  of magnitude by swi tch ing  

t o  l a r g e  pages. It should a l s o  be clear t h a t  prepaging has  a p o t e n t i a l  of 

c u t t i n g  t h e  t o t a l  execut ion  t i m e  i n  h a l f  f o r  a balanced program. 

In the cur ren t  STAR system a g loba l  LRU paging a lgo r i thm is  used (CDC 

C751, Knight C73I). 

a program can very r a p i d l y  steal  pages away from o t h e r  programs. 

imply an improvement i n  t h e  performance of that  program but  t h e  o v e r a l l  

I f  prepaging is allowed i n  a multiprogramming mode, t hen  

This  may 
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system performance can s u f f e r .  Even i n  a monoprogramming environment (o r  

us ing  a l o c a l  replacement algorithm) a use r  can d e s t r o y  h i s  own performance 

i f  uncont ro l led  prepaging i s  permit ted.  

paging can be con t ro l l ed .  

In  Sec t ion  4 ,  w e  d i s c u s s  how pre- 

2 .  Prepaging on STAR 

A program can i s s u e  an  ADVISE message t o  the  ope ra t ing  system of an 

a n t i c i p a t e d  need f o r  v i r t u a l  space i n  an a t tempt  t o  avoid a page f a u l t  o r  

t o  adv i se  t h e  system of pages no longer  t o  b e  used by t h i s  program (CDC C761). 

The adv i se  can be  i s sued  f o r  a t  most one l a r g e  page and a t  most e i g h t  con- 

s e c u t i v e  small pages a t  a t i m e .  

Based on t h i s  f e a t u r e ,  we have developed a r o u t i n e  FPRQST which can be 

c a l l e d  by a FORTRAN programmer, a s  fo l lows .  

CALL FPRQsT (OUT, PGSIZE, PGCNT, VBA) 

where 

OUT is  a l o g i c a l  v a r i a b l e  ind ica t ing  t h e  d i r e c t i o n  of t r a n s f e r ,  

i . e . ,  OUT = .FALSE. i f  a page i s  t o  be f e t ched  and OUT = .TRUE. 

i f  a page is  t o  be f r eed .  

PGSIZE is a b i t  v a r i a b l e  such t h a t  PGSIZE = B ' O '  f o r  s m a l l  pages 

and B ' l '  f o r  l a r g e  pages. 

PGCNT i s  a 4-bi t  v e c t o r  giving t h e  number of pages t o  be  

t r a n s f e r r e d .  

VBA is a 64-bit  v e c t o r  (or  a d e s c r i p t o r )  such t h a t  t h e  r igh tmost  

48-b i t s  denote  

t r a n s f e r r e d .  

the v i r t u a l  b i t  address  of the  f i r s t  page t o  be 
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The de ta i l t i  of the FPRQST r o u t i n e  are given i n  t h e  Appendix. We now 

demonstrate t l l c .  11s~ of the  r o u t i n e  i n  a program t h a t  m u l t i p l i e s  t he  

matrices A and B s t o r i n g  the r e s u l t  i n  C .  The matrices A ,  3 and C a r e  

N by L, L by R,  and N by R, r e s p e c t i v e l y .  The matrices are assumed t o  be 

s t o r e d  columnwise, as i n  STAR FORTRAN (CDC C76al). 

B = ( b l ,  b2, ..., bR) and 

i t h  column of A. The algori thm we use forms t h e  success ive  columns of C 

L e t  X = ( a l ,  a2,  . . . , aL) , 
C = (C1, C2, ..., CR), where a i  denotes the 

using the  formula, 

L 

The corresponding program i n  STAR FORTRAN can be w r i t t e n  as follows. 

DO 100 J = l , R  

DO 10 K = l ,  L 

C(1,J;N) = C ( 1 , J ; N )  + B(K,J)*A(l,K;N) 

10 CONTINUE 

100 CONTINUE 

Note t h a t  the n o t a t i o n  A ( i , j ; n )  deno tes  a v e c t o r  c o n s i s t i n g  of n 

contiguous a r r a y  elements with the  f i r s t  element being A ( i , j ) .  

During t h e  j t h  execut ion of the major loop,  t h e  program o p e r a t e s  on 

the  j t h  columns of both B and C and t h e  whole a r r a y  A .  A f t e r  t h e  

j t h  execution, the j t h  columns of B and C can b e  d i sca rded  from t h e  

main memory and t h e  j+l st columns of B and C can be brought i n .  

However, t h e  data  t r a n s f e r  can only be done i n  t h e  u n i t s  of a page s i z e  
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(assumed t o  be equa l  t o  z words). L e t  us  assume t h a t  max (N,L,R) 5 Z. 

L e t  DWS(j) denote t h e  d a t a  working set of t he  program during t h e  j t h  

loop,  and l e t  P ( x )  denote the pages con ta in ing  t h e  subarray x. Then 

a f t e r  a l i t t l e  thought,  w e  a r r i v e  a t  t h e  fol lowing expression f o r  DWS. 

DWS(j+l) (= DWS(j) 

J 

i f  

i f  I 

The s i z e  of t h e  DWS i s  constant  and i s  equal  to + 2 pages. The 

above a n a l y s i s  sugges t s  t h a t  we insert t h e  code t o  prepage t h e  f i r s t  page 

of both B and C, and a l l  t h e  pages of A j u s t  b e f o r e  t h e  J-loop. 

Between t h e  s t a t emen t s  l a b e l l e d  10 and 100, w e  can i n s e r t  t h e  code t o  f r e e  

and prepage one page each of B and C ,  c o n d i t i o n a l l y ,  However, t h i s  pro- 

cedure does n o t  allow much overlap between t h e  computation and t h e  page 

t r a n s f e r .  To a l low t h e  d e s i r e d  overlap w e  assume t h a t  t h e  program i s  

a l l o t t e d  2M (M = 1, 2, ...) page frames more than r equ i r ed  t o  accomnodate 

its DWS. I f  both N and L d iv ide  Z t hen  M 5 1 is adequate.  Otherwise 
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a l a r g e r  va lue  of M is  des i r r ih le  t o  achieve  enough over lap .  F i n a l l y ,  t o  

make s u r e  t h a t  t h e  t h r e e  a r r a y s  are a l igned  on a page boundary, each of them 

should be declared s e p a r a t e l y  in COMMON. With these mod i f i ca t ions ,  the  pro- 

gram appears  as fol lows.  

prepage the  f i r s t  page of both B and C 

prepage the  whole a r r a y  A 

prepage the  pages numbered 2, ..., M+l of both  B and 

DO 100 J = l , R  
DO 10 K =  1, L 

C(1,J;N) = C(1,J;N) + B(K,J)*A(l,K;N) 
10 CONTINUE 

IF (J*N/Z .EQ. (J-l)*N/Z) GO TO 50 

f r e e  the  page numbered J*N/Z of t h e  a r r a y  C 

IF ((J*N/Z+Mtl) .GT. rN*R/Zl) GO TO 50 

prepage t h e  page numbered (J*N/Z+M+l) of t h e  a r r a y  C 

50 I F  (J*L/Z .EQ. (J-l)*L/Z) GO TO 100 
60 f r e e  the  page numbered J*L/Z of t h e  a r r a y  B 

I F  ((J*L/Z+M+l) .GT. L * R / Z 1 )  GO TO 100 

prepage t h e  page numbered (J*L/Z+M+l) of t h e  a r r a y  B 

100 CONTINUE. 

C 

W e  w i l l  now show how t o  code t h e  c a l l s  f o r  prepaging and f r e e i n g  using 

t h e  FPRQST subrout ine.  W e  w i l l  only do t h i s  f o r  t h e  s ta tement  l a b e l l e d  60; 

o t h e r s  can be  t r a n s l a t e d  s i m i l a r l y .  This  can be done by r e p l a c i n g  t h e  

s ta tement  60 by t h e  fo l lowing  s ta tement  sequence. 

ASSIGN DB, B ( 1 ,  J; Z) 

CALL FPRQST (.TRUE. , PGSIZE, B'OOQ1' , DB) 

Note t h a t  DB is assumed t o  be  dec la red  as a d e s c r i p t o r  t o  

t h e  a r r a y  B. 

Unfortunately,  the ADVISE f e a t u r e  does n o t  work i n  t h e  c u r r e n t  v e r s i o n  

of the STAR opera t ing  system. Therefore ,  we could n o t  test t h e s e  programs 
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An expres s ion  f o r  Te is e a s i l y  de r ived  as fol lows.  During each i t e ra -  

t i o n  of t h e  i n n e r  loop,  one vec to r  m u l t i p l y  (of l e n g t h  

a d d i t i o n  (of l e n g t h  N )  are c a r r i e d  ou t .  

by 159 + N and 7 1  + - i n  machine c y c l e s  of 40 n s  each (CDC [ 7 6 c l )  - 

N) and one v e c t o r  

The t i m e s  for t h e s e  two are given 

N 
2 

1 4 
= ((159 + N) L + ( 7 1  + - p ) L ) * 4 0 * 1 0 - 6  IUS = (60N*L + .92*10 L) * ms. 

Te 

CDC model 819 d i s k  d r i v e  i s  used as paging device.  To s impl i fy  our  

a n a l y s i s ,  w e  assume t h a t  t h e  three matrices are s t o r e d  on separate d i s k  
. -- 

d r i v e s ,  and t h a t  each matr ix  i s  s t o r e d  s e q u e n t i a l l y  cyc l inde r  by c y l i n d e r .  

Then t h e  average t i m e  t o  f e t c h  a page can be expressed as 

1 Z + - D  + -  
TZ - Tseek + Tla tency  + T t r a n s f e r  Nseek * Dseek 2 R R 

- - - 

where 

is  t h e  time t o  move the d i s k  head between t h e  a d j a c e n t  c y l i n d e r s  

is  t h e  average seek d i s t ance  

i s  t h e  d i s k  r o t a t i o n  t i m e  

Dseek 

Nseek 

DR 

R is t h e  transfer rate i n  b i t s  p e r  mi l l i s econd .  

c 
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and could n o t  measure t h e  performance improvement ob ta ined  by prepaging. 

I n s t e a d ,  w e  ca r ry  ou t  a t iming a n a l y s i s  of t h e  two programs i n  t h e  nex t  

s e c t i o n .  

3. The Timing Analysis 

L e t  TZ denote t h e  average t i m e  t o  f e t c h  ( o r  push) a page. L e t  Td 

and T denote t h e  t o t a l  times t o  execu te  t h e  m a t r i x  m u l t i p l i c a t i o n  program 

of t h e  previous s e c t i o n  w i t h  demand paging and prepaging, r e s p e c t i v e l y .  

w i l l  assume tha t  i t  t a k e s  zero t i m e  t o  push a page t h a t  i s  n o t  modified. 

S i m i l a r l y ,  i t  t akes  zero t i m e  t o  f e t c h  a page t h a t  i s  u n i n i t i a l i z e d .  Under 

P 
We 

demand paging, w i th  a page a l l o t m e n t ?  t h e  s i z e  of t h e  DWS( = rF1 + 2)' 

we need t o  f e t c h  pages of A, [TI pages of B and w e  need t o  

push pages of C. L e t  u s  denote  t h e  cpu t i m e  spen t  i n  a s i n g l e  

i t e r a t i o n  of t h e  major loop by Te. Then 

Td = ([?I + + [ F 1 ) T Z  + RTe. 

Note t h a t  

ment as i n  Belady's MIN a lgo r i thm (Belady C661). 

Td i s  a lower bound which assumes a p e r f e c t  sequence of replace-  

For prepaging, w e  assume a page a l lo tmen t  = + 4 .  Since t h e  t o t a l  

number of l a r g e  pagef rames  a v a i l a b l e  f o r  d a t a  i s  e i t h e r  7 o r  15 i n  t h e  STAR 

system, t h e  l a r g e s t  matrices t h a t  w e  can d e a l  w i th  are given by 191 = 3 

o r . 1 2 .  Since,  f o r  a l a r g e  page, Z = 65,536, f a i r l y  l a r g e  matrices are 

considered. To s i m p l i f y  t h e  a n a l y s i s ,  we assume t h a t  L d i v i d e s  N, and 

both R and N d i v i d e  2. F u r t h e r  l e t  N = xL. After a l i t t l e  thought ,  

an  upperbound to  T is e a s i l y  found t o  be 
P 
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For t h e  819 d i s k ,  Dseek = 15 m s . ,  DR = 33 ms., and R = 38 * l o3  b i t s  

per  m s .  (CDC [741). Nseek i s  d i f f i c u l t  t o  estimate i n  gene ra l ;  however, 

t h e  assumptions made on d a t a  layout and t h e  f a c t  t h e  t h e  program i s  running 

i n  a monoprogramming environment make reasonable  estimates poss ib l e .  The 

capac i ty  of an 819 cy l inde r  is very c l o s e  t o  t h e  s i z e  of a l a r g e  page. 

Therefore ,  

small pages. 

- -  I f o r  t h e  = 1 f o r  Z = 65,536. Also, Nseek - 129 
Nseek 

Therefore ,  f o r  

16 
*64 = 140 m s . ,  16 Z = 65,536 = 2 , TZ = 15 + 16.5 + 

38*io3 

and f o r  

2 30ms. 9 ::9 + 16.5 + z9*64 z = 512 = 2 , TZ I- 
38*103 

An an  example, l e t  L = 32, N = R = 1024. Using small pages and demand 

paging,  t h e  t o t a l  execut ion  time i s  g iven  by 

Td(small  page) 67,520 m s .  

If w e  i n t roduce  prepaging but  r e t a i n  t h e  small page s i z e ,  

T (small  page) = 65,280 m s .  
P 

In t h i s  case, we  see t h a t  a small percentage  r educ t ion  i n  t h e  t o t a l  t i m e  i s  

obta ined  due t o  prepaging. 

gram i s  ve ry  h ighly  1/0 bound. 

The reason f o r  t h i s  behaviour i s  t h a t  t h e  pro- 

In  f a c t  t h e  t o t a l  1/0 t i m e  is  65,280 ms,, and 
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the t o t a l  computation t i m e  i s  2240 m s .  

i ng  i s  t o  mask a l l  the computation t i m e .  

The b e s t  that  can be  done by prepag- 

Now f o r  the same problem s i z e ,  l e t  us  use  a l a r g e  page. I n  t h i s  case, 

Td(large page) = 4760 m s .  

We see that  more t han  an o rde r  of magnitude r educ t ion  i n  t h e  t o t a l  t i m e  i s  

obta ined  by switching t o  a l a r g e  page. Also ,  

T ( l a rge  page) = 2660 m s .  
P 

Thus, keeping the  l a r g e  page s i z e  and using prepaging f u r t h e r  o b t a i n s  a 45% 

r educ t ion  i n  the t o t a l  execut ion  t i m e .  I n  t h i s  ca se ,  w e  see t h a t  t h e  t o t a l  

1/0 t i m e  i s  2520 m s .  and t h e  t o t a l  computation t i m e  i s  2240 m s .  

that  can b e  done by prepaging i s  t o  mask a l l  t h e  computation t i m e .  Our 

prepaging scheme performs very  c l o s e  t o  t h e  i d e a l  prepaging scheme i n  t h i s  

case .  It i s  easy t o  see t h a t  f o r  a n e a r l y  balanced program c l o s e  t o  50% 

reduct ion  i n  the t o t a l  execut ion  t i m e  can be accrued due t o  prepaging. How- 

ever ,  f o r  a highly imbalanced program, r e l a t i v e l y  s m a l l  percentage improve- 

ment can be  expected. 

t he  l a r g e  page s i z e  can improve t h e  performance by an o rde r  of magnitude. 

The following t a b l e  g ives  t h e  t o t a l  execut ion  t i m e  f o r  d i f f e r e n t  problem 

The b e s t  

I f  t h e  program i s  heav i ly  1 / 0  bound then the  use of 

s i z e s  w i t h  and without  prepaging (assuming Z = 65 ,536) .  

1 512 

L I R  -F 
512 

~~ 

ms . 
Td 

ms . 
T 
P 

4760 2660 

7000 4900 

11920 11080 

3160 2520 



. 4 .  Controlled Prepaging 

In the current version of the STAR operating system, a global LRU 

algorithm is used for the page replacement decision. Furthermore, an 

advise to bring in a page is allowed to increase the page allotment of a 

program at the expense of some other program. In such an environment, a 

programer interested in optimizing his own performance can quickly force 

out all the other programs from the main memory. 

ment, prepaging can only be recommended in a monoprogramming application. 

Even in a monoprogramming environment (or in multiprogramming environment 

with a local replacement algorithm) a naive user can fill up valuable space 

with almost useless pages thus destroying his own performance. 

algorithm should guard against such possibilities as far as possible. 

With this type of environ- 

The paging 

The first requirement of controlled prepaging is, then, that the user 

spaces be isolated from each other so as to implement a local paging 

algorithm in each individual space. 

a demand paging environment (Denning C68bl ,C701; Knight C731). However, if 

we require a total isolation of the user spaces from each other then we are 

constrained to the use of a fixed-memory paging algorithm. 

memory requirements are expected to change during its execution, a variable- 

memory paging algorithm can potentially perform better than a fixed-memory 

algorithm. 

vary dynamically, however, the variation is not controlled by the user but 

is controlled by the system. 

formance of a program in the last interval of measurement. 

details see Chu and Opderbeck C721, Denning 1721, Denning and Schwarz C721 

and Knight C731. 

Such a situation is desirable even in 

Since a program's 

To resolve this issue, we allow the user space allocation to 

The space allocation may be based on the per- 

For further 

With this approach, over short time intervals the space 
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a l l o c a t i o n  can b e  assumed t o  be  cons t an t  and a fixed-memory paging a lgo r i thm 

can be u t i l i z e d .  

I n  o r d e r  t o  prevent  a u s e r  from misusing t h e  memory space a l l o t t e d  t o  

him w e  p o s t u l a t e  t h e  fol lowing requirements .  

d e s i r e  t o  prepage a page, t h i s  i s  n o t  taken  as a command bu t  as an advice  

t o  t h e  opera t ing  system. The ope ra t ing  system may execute  i t  immediately, 

may d e f e r  i t  or  even ignore  i t .  

page away from ano the r  u se r  by i s s u i n g  a prepage reques t ,  but  he cannot 

s t ea l  a page away from h i s  own space  u n l e s s  t h e  ope ra t ing  sys t em permi ts  i t .  

The system does n o t  a l low a prepaged page t o  be  brought i n  i f  t h i s  r e q u i r e s  

t h e  replacement of  a u s e f u l  page, 

t o  f r e e  a page t h e  empty space  t h u s  c r e a t e d  remains i n  t h e  space a l lo tmen t  

of t h e  program, 

himself .  We assume t h a t  when a programmer i s s u e s  a prepage reques t  he  is  

reasonably c e r t a i n  of t h e  use  of t h a t  page. Therefore ,  t o  avoid an extra 

page f e t c h ,  w e  r e q u i r e  t h a t  a prepaged page cannot be  rep laced  u n t i l  a f t e r  

i t s  f i r s t  use. 

fo l lows ,  

programmer can i s s u e  repea ted  prepaging r e q u e s t s  f i l l i n g  up t h e  e n t i r e  space.  

I f ,  before  using any of t h e s e  pages,  he  r e q u i r e s  (or  page f a u l t s )  another  

When a use r  expresses t h e  

Thus n o t  on ly  a u s e r  cannot s t e a l  a 

S i m i l a r l y ,  when a program i s s u e s  a r eques t  

Thus t h e  space f o r  prepaging i s  provided by t h e  programmer 

The procedure o u t l i n e d  s o  f a r  i s  l i k e l y  t o  deadlock as 

I n i t i a l l y  when a l l  t h e  space a l l o c a t e d  t o  a program i s  empty, a 

page then  a deadlock w i l l  occur.  

paged pages t o  f i l l  up a t  most a 

L e t  N denote  t h e  program's 

memory state a t  t i m e  t. L e t  c 

To avoid t h e  deadlock, w e  a l low t h e  pre- 

f r a c t i o n  0 s b < 1 of t h e  a l l o c a t e d  space.  

address  space  and l e t  St denote  t h e  

b e  t h e  page a l lo tmen t .  The memory 

s t a t e  St is  divided i n t o  f o u r  d i s j o i n t  sets: D t  denotes  that  set of 

pages which have been dec la red  dead (or  f r e e ) ,  

which have been prepaged but  n o t  y e t  s e t  up in t h e  main memory, 

Nt  denotes  t h e  set  of pages 

Pt denotes  

-12- 
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the set of pages which have been prepaged and set up i n  memory b u t  n o t  y e t  

used, and U t  = St - Pt - Dt - N t  

been used a t  least  once, Let RA ( S , q , x )  denote  t h e  page r ep laced  by t h e  

paging a lgo r i thm A given t h a t  t h e  memory s ta te  is  S, t h e  c o n t r o l  s ta te  is  

denotes  t h e  rest of t h e  pages which have 

q and t h e  page x is  t o  be brought i n t o  t h e  main memory. The c o n t r o l  s tate q 

imposes an  o r d e r i n g  on t h e  memory s t a t e  S t o  he lp  make t h e  replacement 

dec i s ion .  W e  assume t h a t  t h e  advise  given by t h e  programmer i s  e i t h e r  

PRE(x) o r  FREE(x) f o r  some XEN. I f  w e  denote  t h e  r e f e r e n c e  s t r i n g  of 

rt, ... t hen  rt E N o r  r = PRE(x) f o r  x E N t h e  program by rl, ... 
o r  r = FREE(x) f o r  x E N. Based on a demand paging algori thm A ,  w e  

now d e f i n e  a prepaging algorithm FPA. 

t 

t 

FPA: 

[Step 11 IF  rt+l = x E N THEN 

- 

L 

La1 IF x E N~ THEN 

/ *  THIS I S  ALMOST LIKE A PAGE FAULT. 

THE PROGRAM HAS TO BE SUSPENDED 

UNTIL THE REQUIRED PAGE I S  SET-UP 

I N  THE MAIN MEMORY, AFTER WHICH */ 

Ut+l = U t  + x; 

Nt+l N t  - x and RETURN; 

cb l  I F  x E Pt THEN /* SUCCESS */ 

Pt+l = Pt - x; 
Ut+1 = Ux + x and RETURN; 
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[cl IF x E Ut THEN /* SUCCESS */ 

and RETURN; ut+l = Ut 

cdl I F  x k St THEN / *  PAGE FAULT */ 

I F  I S t [  < c THEN 

Ut+l = U t  + x; 

ELSE 

= U t  + x - % (U \I Dt, q ,  x) and RETURN; 
ut+l A t  

[Step 21 IF rt+l = FREE(x) THEN 

IF x & Ut THEN 

= Dt + x; and RETURN; Dt+l Ut+l = U t  - x; 

I F  x & Pt  THEN 

= Dt  + x; and RETURN; Dt+l Pt+l = Pt  - x; 
I F  x E Nt THEN 

= D t  + x; and RETURN; Dt+l Nt+l = Nt - X; 
= PRE(x) THEN IF rt+l [Step 31 

THEN 

Nt+l = N + x; 

/*  
t 

INSTRUCTIONS TO FETCH THE PAGE ARE 

ISSUED NOW. LATER, WHEN THE PAGE I S  SET UP 

I N  THE MAIN MEMORY I T  WILL BE INTRODUCED I N  

THE SET Pt AND TAKEN OFF FROM THE SET Nt 

BY SOME OTHER MODULE OF THE OPERATING SYSTEM */ 

I F  I S t i  = c THEN 

= Dt - y FOR SOME y E D t ;  

Eh?) FPA 
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where 
C 

%*(Ut (IDt, q, x) = y f o r  some y & D t ,  i f  Dt  # @ 

= RA(Ut, q ,  x) otherwise.  i 
5 .  Conclusion 

Many programs ope ra t ing  on l a r g e  a r r a y s  are I/O-bound i n  t h e  STAR sys tem,  

and because of t h e  r e l a t i v e l y  small memory, are fo rced  t o  run i n  a mono- 

programming environment. It i s  shown t h a t  t h e  use  of l a r g e  pages f o r  

t hese  a r r a y s  can reduce t h e  1 /0  t i m e  by more than an order  of magnitude 

and thus  make i t  more balanced. Monoprogramming and demand paging imply 

t h a t  no cpu-1/0 ove r l ap  is achieved. The use of prepaging in t roduces  t h e  

over lap  and thus  reduces the t o t a l  execut ion  t i m e  of t h e  program. I f  the 

program i s  balanced then  a s u b s t a n t i a l  r educ t ion  i n  the t o t a l  execut ion  

t i m e  is shown t o  be achieved by prepaging. 

The STAR system provides  a f e a t u r e  known as ADVISE which suppor t s  pre- 

paging. However, t h i s  f e a t u r e  does no t  work a t  p re sen t .  The r e s u l t s  of 

t h i s  paper w i l l ,  hopefu l ly ,  serve as an impetus t o  debug t h e  f e a t u r e .  Even 

when t h i s  f e a t u r e  starts func t ioning ,  w e  can only  recommend prepaging f o r  a 

monoprogramming environment. We a l s o  provide a sugges t ion  f o r  a c o n t r o l l e d  

prepaging a lgor i thm which can be u s e f u l l y  implemented i n  a multiprogramming 

environment . 
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APPENDIX 

Before  i s s u i n g  an ADVISE t o  t h e  ope ra t ing  system, a t h r e e  word 

message ca l l ed  t h e  a lpha  packet  has  t o  be  formed. The format of t h e  

message is  as f o l l o w s  (CDC [ 7 6 1 ) :  

r l e n  unused 900 7 

16 16 16 16 

unused eea 

16 I 48 
I I 

ss pgct  vb a 
48 

8 8 

'Response code r e tu rned  by ope ra t ing  system when t h i s  message 

has  been procesaed.  I f  no e r r o r  occurs ,  t h e  response code 

i s  zero.  

I f  l e n  = FFFF, Alpha (3) conta ins  t h e  l eng th  and v i r t u a l  b i t  

address  of t h e  Beta p o r t i o n  of t h e  message. Otherwise,  Beta 

i s  assumed t o  begin  at Alpha ( 3 ) ,  and l e n  i s  t h e  l eng th  of 

t h e  Beta por t ion .  

V i r t u a l  b i t  address  t o  receive c o n t r o l  if an e r r o r  occurs  

during message p rocess ing  ( r  # 0 ) .  I f  eea = 0 t h e  e r r o r  

is  considered f a t a l .  

Er ror  response f i e l d :  



pgc t  Page 

I I i i 

c o n t r o l  f i e l d s  f u r t h e r  d iv ided  as fol lows:  

p i 0  
1 

b 

P S Z  Pn 
1 6 1 

piO Pn 

6 

I psz 

p i 0  

0 = Attach or  load pages 

1 = Remove pages 

PSZ 

0 = Small pages 

1 = Large page 

Page count with a maximum va lue  of e i g h t  f o r  s m a l l  pn 
pages. 

vb a V i r t u a l  b i t  address  r e f e r r e d  t o  by t h e  FPRQST a c t i o n .  

Af t e r  forming t h e  message, t h e  u s e r  i s s u e s  an e x i t  f o r c e  i n s t r u c t i o n  

t h a t  t r a n s t e r s  t h e  c o n t r o l  t o  the o p e r a t i n g  system. Immediately fo l lowing  

t h e  e x i t  f o r c e  i n s t r u c t i o n  i n  the i n s t r u c t i o n  stream is a 32-bit  i n d i r e c t  

message p o i n t e r :  Hexadecimal format of t h e  message p o i n t e r  is:  

OOEEOOrr 

where rr is  t h e  r e g i s t e r  containing t h e  v i r t u a l  addres s  of t h e  message. 

The fol lowing FORTRAN subrout ine FTRQST forms t h e  message i n  t h e  192-bi t  

v e c t o r  MSG based on t h e  a c t u a l  parameters: OUT, PGSIZE, PGCNT and VBA. 

The e r r o r  e x i t  add res s  (eea)  i s  taken t o  b e  t h e  addres s  of t h e  s t a t emen t  

l a b e l l e d  50. A f t e r  forming t h e  message, FPRQST ca l l s  an  assembly language 

r o u t i n e  PREPAG which i s s u e s  t h e  e x i t  f o r c e  and a l s o  p l a n t s  t h e  i n d i r e c t  

message p o i n t e r  as requ i r ed .  For d e t a i l s  of t h e  STAR assembly language 

see CDC [76b]. A d e s c r i p t o r  R, p o i n t i n g  t o  t h e  message is passed as a 

parameter t o  t h e  PREPAG r o u t i n e .  
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S U B R O U T I N E  FPRQST ( O U T I P C S I Z E I P G C N T I V B A )  I 

TNTEGFR CRICI  9150 
B I T  M S G ( 1 9 2 )  
E Q U I V A L E N C E  ( L 5 0 r M S G ( 6 5 ) )  
L O G I C A L  O U T  

D E S C R I P T O R  E * R  
A S S I G N  R * M S G ( l ; 1 9 2 )  
R =E ' 0 0 00 000 0 00 0 0 0 0 G 0 G 0 0 0 0 0 00 0 0 0 0 0 

B I T P G C N T  ( 4  1 * V B A  (64  ) * P G S  I Z E  * E  * R  

c 1 0 3 0 0 0 0 0 0 0 0 0 0 0 00 0 
X o O O o o o o ~ ~ O ~ J O ~  1 1 1 ' 

C T H E  FOLLOW I N C  F I V E  S T A T E M E N T  S E Q U E N C E  FORMS T H E  V I R T U A L  
C A D D R E S S  O F  S T A T E M E N T  50 I N  T H E  I N T E G E R  L S O e S I N C E  L50 IS 
C E Q U I V A L E N C E 0  T O  T H E  S E C O N D  WORD O F  MSG. T H E  € E A  F IELD G E T S  T H E  
C CORRECT E R R O R  E X I T  A D D R E S S O F O R  D E T A I L S  SEE S T A R  F O R T R A N  + 
C M E T A  M A N U A L S  

C A L L  Q 8 B S P V k ( 3 *  9 3 )  

C A L L  QBSUBX ( 3 r 4 r C B )  
C A L L  OBEX ( C  I &50 ) 
L5o=cI+cB 
A S S I G N  E e M S C ( 1 3 8 ; l )  
E = P G S  I ZE 

5 C A L L  0 8 E X  ( 4 r & 5 )  

A S S I G N  E * ~ S G ( 1 3 7 ; 1  1 
E=E '0 ' 
I F  ( O U T )  E =  P ' l '  
A S S I G N  E e M S G ( 1 4 1  ; 4 )  
E = P G C N T  ( 1 ; 4 )  
A S S I G N  E * M S G ( 1 4 5 ; 4 8 )  
E = V B A (  17;48) 
C A L L  P R E P A G  ( R  1 
G O T 0  5000 

S O  P R I N T  500 
50c F O R M A T ( 5 X e  'YOUR A D V I S E  H A S  B O M B E D ' )  
5000 R E T U R N  

END 

. 

O U T P U T  
L I BP 

I N I T I A L  
R E G  1 2 8  R DUM 

S T D L  I E3 
P R E P A G  T D E N T  

P R E P A G  B E G I N  
P A R A M S e A L L e . 2  R 
L O D  R 9 DUM 
O S C A L L  DUM 
R E T U R N  
F I N A L  
END 
F I N I S  
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